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A B S T R A C T

The effects of obesity and smoking in the coronavirus disease 2019 (COVID-19) pandemic remain controversial.
Angiotensin converting enzyme 2 (ACE2), a component of the renin-angiotensin system (RAS), is the human cell
receptor of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19.
ACE2 expression increases on lung alveolar epithelial cells and adipose tissue due to obesity, smoking and air
pollution. A significant relationship exists between air pollution and SARS-CoV-2 infection, as more severe
COVID-19 symptoms occur in smokers; comorbid conditions due to obesity or excess ectopic fat accumulation as
underlying risk factors for severe COVID-19 strongly encourage the virus/ACE2 receptor-ligand interaction
concept. Indeed, obesity, air pollution and smoking associated risk factors share underlying pathophysiologies
that are related to the Renin-Angiotensin-System in SARS-CoV-2 infection. The aim of this review is to emphasize
the mechanism of receptor-ligand interaction and its impact on the enhanced risk of death due to SARS-CoV-2
infection.

1. Introduction

Viral infection aggression is linked to both environmental and ge-
netic factors. Although the mortality in severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) infection is highly age dependent,
the etiology of the coronavirus disease 2019 (COVID-19)-specific
mortality in these patients is largely unknown (Lyons-Weiler, 2020).
SARS-CoV-2 has a size of 60−140 nm. Nasal or saliva droplet aerosols
from infected individuals provide an efficient means of transport for the
viral particles, as well as attachment to suspended fine particles in air
(Woon Fong Leung and Sun, 2020). Positive correlations of PM2.5,
PM10, nitrogen dioxide (NO2) and ozone (O3) levels with cases con-
firmed with new COVID-19 underlines the how air pollution is assisting
in the propagation of SARS-CoV-2 infection (Zhu et al., 2020). Angio-
tensin-converting enzyme-2 (ACE2) protein provides the host cellular
entry point for SARS-CoV-2 (Battistoni and Volpe, 2020). Thus, the
relationship between ACE2 and SARS-CoV-2 is pivotal in the infection
process (Ge et al., 2013; Gheblawi et al., 2020; Qiu et al., 2020). If these
receptors are inhibited by the angiotensin-converting-enzyme inhibitors
(ACEI) and angiotensin II type-I receptor blockers (ARBs), a con-
comitant fall in inflammation might occur via diminished viral invasion
of tissues such as the lungs and the heart (Rico-Mesa et al., 2020).

Conversely, upregulation of ACE2 or higher ACE2 gene expression may
increase susceptibility to infection by SARS-CoV-2, and COVID-19 dis-
ease severity (Brake et al., 2020). Tobacco smokers have a greater
predisposition (1.4 fold) to developing severe symptoms of COVID-19.
This often necessitates their entry into intensive care units (ICU),
alongside concomitant mechanical ventilation; moreover, their death
rate is approximately 2.4 times that of non-smokers (Guan et al., 2020;
Vardavas and Nikitara, 2020). Among adults aged more than 65 years
approximately 89 % suffer from one or more underlying comorbidities,
including obesity (48 %), cardiovascular disease (28 %), hypertension
(50 %) and diabetes mellitus (28 %) as well as chronic lung disease (35
%) (Garg et al., 2020). These comorbidities show a trend towards in-
creased disposition to COVID-19 severe disease, but no specific sig-
nificant association could be shown with active smoking and obesity
and severity particularly in Chinese patients (Lippi and Henry, 2020; W.
Liu et al., 2020). However, among the patients admitted to ICU for
SARS-CoV-2, requiring invasive mechanical ventilation (IMV), the
proportion of obese patients is high. This increase in the rate of patients
who need IMV is significantly linked with being male and possessing a
high body mass index (BMI) (Simonnet et al., 2020).

Recently, the low mortality rate in patients with acute respiratory
distress syndrome (ARDS) with obesity and morbid obesity is defined as
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the obesity paradox (Ball et al., 2017). To date it is unclear if this
paradox is not broken by COVID-19. Whilst they can suffer less from
severe COVID-19 infection, obese patients are nevertheless subject to
the comorbidities associated with being overweight and they are sub-
sequently more difficult to treat due to these factors (Jose and Manuel,
2020). It is thought that obesity or excess ectopic fat deposition may be
the underlying risk factors for severe COVID-19, because of their co-
morbid conditions, such as cardiovascular diseases, insulin resistance,
adipose tissue inflammation and detrimental effects on lung function.
These risk factors are strongly associated with mortalities from COVID-
19 and are more frequent among smokers. Indeed, obesity and smoking
both definitely upregulate ACE2 receptor (Brake et al., 2020; Engeli
et al., 2003). Interestingly, obesity, air pollution and smoking-asso-
ciated risk factors share underlying pathophysiology related to the
renin-angiotensin system (RAS) in SARS-CoV-2 infection.

2. Exposure to SARS-CoV-2

SARS-CoV-2 is single strand RNA virus which uses type 1 trans-
membrane spike (S) glycoprotein projections as a lock-and-key com-
bination to breach cells. The viral glycosylated cell surface protein can
be further classified as using two (S1 and S2) functional domains which
manage the entry process (Fig. 1). Initial ACE2 receptor cell entry is
operated by domain S1 (Li et al., 2005), whilst S2 sets up cell and virus
membrane fusion which is necessary for full infiltration into the cell
(Coutard et al., 2020). The ACE2 protein is present in abundance
around the body, such as the small intestine, as well as on lung epithelia
and particularly on lung type-2 pneumocytes. Thus, increase in ACE
intensity effectively facilitates a most flexible and ubiquitous pathway
into cells for SARS-CoV-2 (Hamming et al., 2004). After SARS-CoV-2
invasion occurs due to the interaction of its spike protein with a

receptor furin-cleavage site (Hasan et al., 2020; Y. Wan et al., 2020), a
transmembrane protease, serine 2 (TMPRSS2) then separates ACE2
from SARS-CoV-2; this has the effect of accelerating the progress of the
infection (Heurich et al., 2014; Hoffmann et al., 2020). Indeed, the
whole likelihood of the risk of contracting a severe infection, as well as
progressing towards a poor clinical outcome is governed by the ACE2-
COVID-19 receptor ligand interaction (Alifano et al., 2020). Affinity-
modifying agents of ACE2, such as NO2 and nicotine could potentially
disrupt glycosylation on the spike protein, thus interfering with the
infection process. In this context, RAS can modulate infection severity
(Alifano et al., 2020; Meulenbelt et al., 1992; Patel et al., 1990). As
mentioned above, in countries where NO2 pollution was high, COVID-
19 course was significantly severe (Alifano et al., 2020).

In addition to ACE2 receptors, two different coronavirus receptor
proteins, toll like receptor (TLR) and dipeptidyl peptidase-4 (DPP4)
have vital roles in the pathways regulating the transduction on meta-
bolic signals across metabolic processes, ranging from fundamental
ones such as glucose homeostasis through to organ function modulation
in the kidney, heart and the immune system and its inflammatory ac-
tivity (Drucker, 2020). As mentioned above, SARS-CoV-2 exploits ACE2
to begin and then propagate its progression towards ARDS. Existing
cardiovascular pathology and drug-mediated RAS inhibition which
cause a rise in ACE2 expression may essentially increase the vulner-
ability of lung and heart to SARS-CoV-2 virulence. On the other hand, it
has been reported that corona viruses during their infection process can
cause accumulation of Angiotensin II (Ang II) through the blocking of
the ACE2 receptors (Hanff et al., 2020).

Several hypotheses have been proposed regarding the effect of ACEI
and ARBs on SARS-CoV-2 infection. Proteolytic cleavage processes, as
well as endocytosis are all activated by viral binding and these unit to
attenuate ACE2 activity. Unfortunately, SARS-CoV-2 not only

Fig. 1. The mechanism of receptor-ligand interaction and its impact on the enhanced risk of death due to SARS-CoV-2 infection.
In the renin angiotensin system, ACE cleaves Ang I to produce Ang II. Ang II action is mediated by the AT1R. SARS-CoV-2 uses the ACE2 as a receptor for entry into
the cell. Coronaviruses use the surface spike (S) glycoprotein on the coronavirus envelope to attach host cells and mediate host cell membrane and viral membrane
fusion during infection. The spike protein includes two regions, S1 and S2. The receptor binding domain is located in the S1 region. SARS-CoV attaches the human
host cells through the binding of the receptor binding domain protein to ACE2. The expression of ACE2 and the balance of Ang II/Ang 1–7 influence the course of the
disease. ACEI and ARBs cause the increase in the formation of Ang 1–7 from Ang II via increased ACE2. The loss of ACE2 function following binding by SARS-CoV-2 is
driven by endocytosis and activation of proteolytic cleavage and processing. Accordingly, ACE2 may be upregulated due to the NO2 associated air pollution, and
ACEIs. Nicotine has dual action by enhancing ACE and down-regulating ACE2 (Abbreviations. ACE: angiotensin-converting enzyme; ACE2: angiotensin-converting enzyme
II; ACEI: angiotensin-converting enzyme inhibitors; Ang I: angiotensin I; Ang II: angiotensin II; ARB: angiotensin II type-I receptor blocker; AT1R: angiotensin II receptor type 1;
NO2: Nitrogen dioxide; SARS-CoV-2: severe acute respiratory syndrome coronavirus-2).
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effectively exploits a critical and irreplaceable system that is ACE2 to
enter and multiply in the host (Gheblawi et al., 2020), but its ACE2
binding allows it to evade immune surveillance. The engulfment of
ACE2 provides the virus access to the host cellular infrastructure, hence
viral proliferation and immune evasion are inextricably linked with
regard to successful and potentially devastating infection (Brake et al.,
2020). In normal circumstances, the RAS system is antagonized by
ACE2, which is protective in terms of the development of systemic
damage due to hypertension, diabetes, and cardiovascular disease.
SARS-CoV-2 utilizes the ACE2 receptor to invade human alveolar epi-
thelial cells. Indeed, a bad prognosis has been shown to be linked to
ACE2 receptor activity, as well as the presence of secondary ARDS and
other factors such as age, and sex and multiple comorbidities (Cheng
et al., 2020). Collectively, it is thought that dysfunction of the RAS is a
common pathology seen in SARS-CoV-2 infected obese patients and
smokers, however it has not been evaluated in detail.

3. The effect of tobacco smoke and nitrogen dioxide exposure in
COVID-19

Smokers figure disproportionately highly in the numbers of severe
COVID-19 victims in comparison to the non-severe patients (J.-J. Zhang
et al., 2020). Their ICU admissions and subsequent IMV requirements
are also considerably higher. Indeed, a fatal outcome is more likely with
smokers (Guan et al., 2020; Zhou et al., 2020). Compounded by the
smoking, the presence of obstructive pulmonary disease (COPD), car-
diovascular pathology and diabetes is greater among severe cases (Zhou
et al., 2020). In one study, (1099 COVID-19 patients), of the 19 % of
patients severely affected, just under 17 % were current smokers and
5.2 % were former smokers. In another report, patients who had severe
disease, where they were admitted to ICU, ventilated and/or who had
fatal outcomes, about a quarter (25.5 %) smoked and 7.6 % were
former smokers (Guan et al., 2020). Conversely, Liu et al. reported that
among an adverse outcome group of patients, a smoking history was
nine-fold more prevalent, than the group that showed improvement or
stabilization. In these patients, age, history of smoking, respiratory
failure, low albumin and high C-reactive protein were identified as the
risk factors that lead to the acceleration of disease progress to pneu-
monia (Khot and Nadkar, 2020; B. Liu et al., 2020; W. Liu et al., 2020b;
Y. Liu et al., 2020). In only two studies from total of five, 288 of 1399
COVID-19 patients were diagnosed with severe disease. In these pa-
tients COVID-19 progression was driven by smoking history, while the
others were not thus associated (Guan et al., 2020; Huang et al., 2020;
Lippi and Henry, 2020; W. Liu et al., 2020; Yang et al., 2020). The rate
of ARDS development in SARS-CoV-2-infected individuals that already
had pneumonia was around 50 % (Y. Liu et al., 2020). Patients who are
likely to die from the infection suffer pulmonary oedema and bilateral
diffuse alveolar damage which is caused by significant inflammatory
infiltrates (Solaimanzadeh, 2020). Unfortunately, in these patients,
obesity has serious consequences. In fact, ARDS from a number of
causes, is often a major reason for significantly overweight (class III
obese) patients being admitted to ICUs, where they are ventilated,
which also occurs with COVID-19 patients (Marshall et al., 2016).
Multiple organ failure is usually cause of mortality in both morbidly
obese and COVID-19 patient groups (Bellani et al., 2016).

Tobacco smoke promotes exposure to environmental NO2, benzene,
and 1,3-butadiene (Hagenbjörk-Gustafsson et al., 2014), and ambient
air pollution associated with NO2 causes an increase in Ang II-binding
to its receptor by upregulating ACE activity by up to 100-fold. Mean-
while, nicotine exhibits a dual effect by increasing ACE expression and
causing a fall in ACE2 activity (Alifano et al., 2020; Meulenbelt et al.,
1992). Nicotine upregulates activity and expression of renin, ACE and
Ang II type I receptor (AT1R). Interestingly, nicotine can also switch off
compensatory expression and activity of ACE2 and Ang II type 2 re-
ceptor (AT2R) (Fig. 1). Tobacco combustion products as well as nico-
tine administration itself promotes angiotensin I (Ang I) conversion to

Ang II via promoting plasma ACE activity (Oakes et al., 2018). Tobacco
smoke exposure also promotes lung inflammation, thus increasing
mucosal inflammation, inflammatory cytokines and tumor necrosis
factor (TNF)-alpha (TNF-α) expression, as well as increasing perme-
ability in epithelial cells, mucus production, and impaired mucociliary
clearance (Strzelak et al., 2018). Similarly, the binding of the virus to
the TLR promotes pro- interleukin (IL)-1β levels, which is in turn
cleaved by caspase-1. As soon as this occurs, inflammasome activation
is followed by the formation of mature IL-1β; this is itself an important
promotor of inflammatory processes in the lung, as well as fever and
fibrosis (Conti et al., 2020). For the reasons described above, smoking
increases the severity of COVID-19 associated inflammatory response.
COVID-19 ICU patients suffer high systemic inflammatory responses,
which are evidenced by elevated plasma levels of IL-2, IL-6, IL-7, IL-10,
granulocyte colony-stimulating factor (GC-SF), interferon-gamma (IFN-
γ)-inducible protein (IP10; CXCL10), monocyte chemoattractant pro-
tein 1 (MCP1), macrophage inflammatory protein 1 alpha (MIP1A), and
TNF-α (Huang et al., 2020). The proportions of IFN-γ yielding CD8+T
and CD4+T cells rise in the seriously COVID-19 patients compared
with mild cases. It is likely that the so-called inflammatory ‘cytokine
storm’ in seriously ill patients is promoted by CD8+ and CD4+T cells
(F. Wang et al., 2020; J. Wang et al., 2020; Z. Wang et al., 2020). It is
claimed that lower counts of T lymphocyte subsets, (CD3+, CD4+,
CD8+) and B-cells are associated with higher risks of in-hospital death
of COVID-19 (Xu et al., 2020). Hence, the survival of the most seriously
ill individuals is strongly predicated on the attenuation of the cytokine
storm. The damage caused by the storm is orchestrated by IL-6, which
presents a pharmacological target, for which there is already a candi-
date, tocilizumab (TCZ). This agent inhibits the IL-6 receptor (IL-6R),
and can curtail IL-6 signal transduction (B. Liu et al., 2020; Luo et al.,
2020; C. Zhang et al., 2020). In fact, TCZ was approved in 2017 by the
Food and Drug Administration (FDA) for the treatment of life-threa-
tening cytokine-release syndrome, which is commonly associated with
respiratory symptoms ranging from cough and tachypnea to ARDS
(Alzghari and Acuña, 2020). Interestingly, high-lactate dehydrogenase,
C-reactive protein and IL-6 are observed in patients with severe COVID-
19, as in cytokine release syndrome. Although at the time of writing it is
yet to gain FDA approval for use in COVID-19, in preliminary trials
more than half of patients with the disease exhibited a gradual reduc-
tion in IL-6 levels following TCZ administration (Luo et al., 2020;
Shimabukuro-Vornhagen et al., 2018; Z. Wang et al., 2020; Yuan et al.,
2020). The FDA has approved the initiation of a Phase III trial with TCZ
(COVACTA) in patients with severe pneumonia as of April 2020
(Clinical Trials Hoffmann-La Roche, 2020).

In severe COVID-19, provided patients had CD4+T cells, CD8+T
cells, IL-6, and IL-10 within normal values, their survival was more
likely (S. Wan et al., 2020). Notably, pre-existing chronic obstructive
pulmonary disease (COPD) and current tobacco use make a poor out-
come with COVID-19 much more likely (Patwardhan, 2020; Q. Zhao
et al., 2020). Tobacco smoking is a powerful driver of all infectious lung
pathology. Smokers are more than a third likely to suffer from influenza
compared with non-smoking (Lawrence et al., 2019). Smoking is
strongly associated with COPD in the developed world, although poor
local air-quality due to the increasing atmospheric pollution is also
significant COPD promotors in developed and developing countries.
Smoking remains the fourth leading cause of death in the world (WHO,
2017). The World Health Organization enounces that respiratory co-
morbidities from all sources, including tobacco, are associated with a
high percentage of COVID-19 related deaths (WHO, 2017; Y.-Y. Zheng
et al., 2020).

Smokers also exhibit increased ACE2 gene expression in type-2
pneumocytes, alveolar macrophages, particularly at the apical end of
the small airway epithelium, which is not seen in those who do not use
tobacco. COPD itself promotes ACE2 expression thus providing ample
targets for SARS-CoV-2 cell entry (Brake et al., 2020; Cai et al., 2020).
So significant lung damage with tobacco use promotes the risk of
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COVID-19 and progression to severe disease (Brake et al., 2020; J.
Wang et al., 2020). Immune evasion of virus as mentioned above, may
increase viral adhesion to the target host cells for relatively longer
periods. This elevates the carrier status of the host due to their high
local tissue viral load, which will promote the spread of the infection
(Brake et al., 2020). Ang II and AT1R, are key constituents of the RAS,
and they regulate mitogen-activated protein kinase (MAPK) and Janus
kinase (JAK) pathways (Kemp et al., 2014). Lung injury is thought to be
promoted by compromised RAS activity as this is linked with local pro-
inflammatory cytokine production. Indeed, ACEI, as well as Ang II re-
ceptor antagonists are capable of ameliorating lung damage in experi-
mental models and this suggests that RAS activity is implicated. Thus, it
could be proposed that those drugs may treat diffuse parenchymal lung
disease successfully (Marshall, 2003). Cigarette smoke exposure in-
creases pulmonary ACE and ACE2 activity, however loss of ACE2 in-
creases Ang II by inducing the ACE activity (Hung et al., 2016). As
mentioned earlier, factors that promote ACE2 increase risk of severe
COVID-19 (Fang et al., 2020). Any reduction in ACE2 activity restricts
available virus-cell binding sites and may be protective in smokers.
Unfortunately, if ACE2 function diminishes due to a high level of viral
attack and binding, this would cause endocytosis, along with proteo-
lytic cleavage; these events may lead to increase in respiratory distress
(Alifano et al., 2020; Gheblawi et al., 2020).

4. The effect of obesity on the course of COVID-19

Experience with obesity-related mortality with H1N1 influenza il-
lustrated that much more forceful treatment of obese COVID-19 pa-
tients was required than was originally envisaged (Dietz and Santos-
Burgoa, 2020). Obesity not only enhances the severity of influenza in-
fection but also impacts viral diversity (Honce et al., 2020). More than
70 % of COVID-19 patients who require intensive care have a high rate
of obesity (Malavazos et al., 2020). In patients aged less than 60 years
in New York City, the progression of obesity towards morbid obesity
more than doubled the risk of admission to critical care unit, compared
with those with lower BMIs (< 30 kg/m2) (Lighter et al., 2020). It has
been established that morbid obesity doubles the risks of poor outcomes
compared with those who are not clinically obese (El-Solh et al., 2001).
Among the various patient comorbidities with COVID-19, the most
common is hypertension (21 %), followed by diabetes (11 %) and
around 7 % suffer from underlying cardiovascular problems, all of
which promote the risk for hospitalization and death in COVID-19 pa-
tients (Muniyappa and Gubbi, 2020; Singh et al., 2020). In a series of
COVID-19 deaths in a cohort of patients in Wuhan, China 42 % of the
fatalities were diabetics (Deng and Peng, 2020). The condition of
obesity related fatty liver disease increases the risk of severe COVID-19
by six-fold. This powerful association between fatty liver disease and
risk of a fatal outcome with COVID-19 was valid even after adjusting for
age, sex, smoking, diabetes, hypertension, and dyslipidemia (K.I. Zheng
et al., 2020). Essentially, a lipotoxic state is induced by habitual over-
load of dietary saturated fatty acids (SFAs), which activates TLR 4 ex-
pressed on several immune cells, such as neutrophils, macrophages and
dendritic cells (Engin, 2017a, 2017b; Rogero and Calder, 2018). High
fat diet significantly disrupts adaptive immune response, while in-
creasing innate immune activation. This promotes the chronic in-
flammation and may cause the host defense become vulnerable against
viral pathogens (Butler and Barrientos, 2020). Consequently, in obese
patients, viral pools can lodge in adipose tissue and promote shedding,
immune activation, and chronic excessive cytokine release (Ryan and
Caplice, 2020).

Mechanistically, disorders such as diabetes, cardiovascular disease
and hypertension share same underlying pathophysiology related to the
RAS in both COVID-19 and obesity (Hanff et al., 2020). Excessive
adipose tissue in obesity secretes Ang II, which is a hormone with in-
flammatory properties and is generated in the RAS pathway. Obesity
and insulin resistance are strongly linked with RAS activity.

Furthermore, oxidative stress and inflammatory response along with
mitochondrial dysfunction modulate the function of RAS (Ramalingam
et al., 2017). In addition, diabetic kidney damage is promoted by the
renal RAS activation through endoplasmic reticulum stress, which is in
turn induced by SFAs (Li et al., 2016). Moreover, increased RAS activity
in obesity initiates a series of interrelated pathological events. These
include reduction of insulin secretion and sensitivity, as well as fos-
tering a rise in arterial pressure. In all these conditions AT1R is upre-
gulated. Contrarily, AT1R blockade improves hyperglycemia, hy-
pertension and peripheral tissue insulin sensitivity (Rodriguez et al.,
2018). Once RAS function is compromised, it causes widespread dys-
function in most tissues, through the deleterious processes described
above (Ramalingam et al., 2017).

At the cellular level, renin forms angiotensin I (Ang I) from angio-
tensinogen. ACE cleaves Ang I forming Ang II (Lavoie and Sigmund,
2003). Ang II acts at cell surface type I G protein-coupled receptors,
AT1Rs then promote a pathological cascade including insulin re-
sistance, oxidative stress, inflammation and vasoconstriction (Luther
and Brown, 2011). Reduction of the phosphoinositol-3 kinase (PI3K)
activity due to elevated free fatty acids (FFAs) levels is potentiated by
Ang II and consequently insulin-stimulated glucose uptake is increased
by RAS inhibition. Blockade of the AT1R has been shown to stimulate
the differentiation of adipocytes that store FFAs, of which leads to re-
duced plasma FFA levels and decreased insulin resistance (Leiter and
Lewanczuk, 2005). RAS activity can also be upregulated by insulin
resistance. This can in turn promote a series of linked pathophysiolo-
gical issues such as inflammatory diseases, as well as the metabolic
disorders associated with obesity (Muniyappa and Yavuz, 2013). In
fact, the major effects of Ang II are mediated by AT1R and AT2R.
Overexpression of angiotensinogen increases adiposity, which is seen
through hypertrophy of adipocytes, inflammation and increased re-
sistance to insulin. RAS inhibition can ameliorate and even reverse
these obesity related alterations in adipose tissue (Pahlavani et al.,
2017). The fall in glucose-mediated insulin secretion is linked with
lower pancreatic insulin content and upregulated AT1R protein ex-
pression in obesity. Essentially, β-cell dysfunction is strongly associated
with AT1R upregulation, which accelerates glucose intolerance and
insulin resistance, through a decrease in plasma glucagon-like peptide-1
(GLP-1). In contrast, RAS blockade induces improvement in β-cell
function and insulin sensitivity (Rodriguez et al., 2012; van der Zijl
et al., 2012). The general progression of atherosclerotic disease is also
influenced by RAS, as well as its primary mediator Ang II. The me-
chanisms of this process include inflammation, disruption of fibrinolytic
balance and endothelial dysfunction. The inhibitors of RAS such as
ACEI and angiotensin receptor blockers act either by depleting the
generation of Ang II or by blocking the binding of Ang II to its receptors
(Husain et al., 2015). ACE2 is expressed by epithelial cells of the lung,
intestine, kidney, and blood vessels. The expression of ACE2 is sub-
stantially increased in patients with type 2 diabetes, who are treated
with ACEI and ARBs (Y. Wan et al., 2020). Similarly, treatment of hy-
pertension with ACEI and ARBs, results in an upregulation of ACE2 (Li
et al., 2017). Consequently, the increased expression of ACE2 would
facilitate COVID-19 due to spreading of SARS-CoV-2 (Fang et al., 2020).
Since the ACE2 protein is the receptor that facilitates corona virus entry
into cells, the notion that treatment with RAS blockers might increase
the risk of developing a severe and fatal ARDS in COVID-19 infection
has been popularized. Interestingly, the contention that the presence of
ACEI or AT1R blockers promote coronavirus infection through upre-
gulating ACE2 expression in either animals or humans is not currently
supported (Danser et al., 2020). On the contrary, ACEI in addition to
RAS inhibitors in COVID-19 patients with hypertension actually can
improve clinical outcome (Meng et al., 2020). The use of selective AT1R
antagonists in the treatment of hypertension is a useful concept. Firstly,
selective AT1R blockade targets the final common pathway for all
major detrimental cardiovascular actions of Ang II, and secondly; cir-
culating Ang II levels, which increase during AT1R antagonist
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treatment, will be free to act only at unopposed AT2R. Also, RAS is
disrupted by ACEI through blocking Ang I to Ang II conversion (Unger,
2002).

In females it is thought that adipocyte ACE2 has an ameliorating
effect with regard to blood pressure response to systemic Ang II, as well
as to obesity (Shoemaker et al., 2019). Compared with females, despite
the males lower adiposity (Hales et al., 2017; Jackson et al., 2002),
hypertension is more frequent in men compared with women until
menopause, and then the situation reverses (Fryar et al., 2017). Asian
men show a greater expression of ACE2 compared with women and
other ethnicities, which might explain the increase in the prevalence of
COVID-19 in this subgroup of patients. In this regard, the sex-balance
for COVID-19 infection is in favour of men (67 %), rather than women.
Considering an overview of available studies, more than half of COVID-
19 patients in 552 hospitals were reported to be male, which supports
the idea that a sex predisposition to COVID-19 does exist, with men
being more susceptible (Guan et al., 2020; Yang et al., 2020; C. Zhang
et al., 2020; J.-J. Zhang et al., 2020; Y. Zhao et al., 2020). Moreover, the
sustained high levels of Ang II in these male patients strongly correlated
with mortality (Huang et al., 2014). In addition, obese female subjects
compared with lean females have greater adipose tissue expression of
ACE2 (Gupte et al., 2012). In a mouse model, reduced ACE2 expression
drives obese females toward hypertension equivalent to obese males.
The Ang-(1–7) to Ang II, conversion equilibrium is controlled by ACE2.
This is sex-specific and differently promotes the development of obesity
related hypertension in males and females. ACE2 mRNA abundance is
driven upwards by 17-β estradiol in adipocytes via the estrogen re-
ceptor alpha (ERα) (Gupte et al., 2012). Typically, adipocytes are the
prevalent source of ACE2 for the development of obesity related hy-
pertension. Unexpectedly, modulation of ACE2 by estrogen may protect
against obesity related hypertension in obese females. Therefore, ACEI
are not recommended for obese women. Increasing body weight and
loss of vascular protection mediated by the abrupt loss of estrogen may
contribute to the development of hypertension in post-menopause
(Engin et al., 2019; Shoemaker et al., 2019). Systemic ACE2 activity
levels are negatively correlated with BMI and blood pressure in female
essential hypertension patients (Zhang et al., 2018). Since previous
findings demonstrated that ACE2 activity was increased by obesity in
adipose tissue of female, but not male animals (Gupte et al., 2012), then
these results suggest that obesity per se may introduce sex- and tissue-
specific regulation of ACE2.

In contrast, food restriction by between 20 % and 40 % improves
metabolic profile, ameliorates inflammatory status and down-regulates
the RAS (Pinheiro et al., 2017). Interestingly, the available data does
not support a deleterious effect of RAS blockers in COVID-19. There-
fore, there is currently no reason to discontinue RAS blockers in stable
patients facing the COVID-19 pandemic (Kreutz et al., 2020). Com-
bining ACEI and ARBs to provide more extensive RAS inhibition may
provide greater efficacy for end-organ protection (Weir, 2007).

5. Conclusion

COVID-19 patients have increased Ang II compared to healthy
people. Obesity, air pollution and smoking are associated risk factors
which share underlying pathophysiology related to the RAS in SARS-
CoV-2 infection. Air pollution via the interference of NO2 increases the
ACE activity. Meanwhile, nicotine exhibits dual effect on RAS. Obese
adipose tissue synthesizes excess Ang II, thus the combination of an
AT1R antagonist with an ACEI for more complete blockade of the RAS
may be a rationally viable therapeutic strategy in obese COVID-19
patients. In this context, using ACEI or ARBs potentially contribute to
the improvement of clinical outcomes of COVID-19 patients.
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